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levelFermithedeterminesthatEquation E F neutralitythefromobtainedis
condition:

n + n D = N D − N A (3.1),

where N D and N A acceptors,anddonorsofconcentrationstheare N D > N A ,
n concentration,electronbandtheis

n = N C F 1⁄2 (E F⁄kT ) ∼∼ N C e E F⁄kT (3.2),

and n D energy,(donordonorsonresidingelectronsofconcentrationtheis
isbandconductionthefromcounted E D < 0):

n D =
2
1__ e (E D − E F)⁄kT + 1

N D________________ . (3.3)

Denoting E F ≡ e µ and, ≡β 1⁄kT or ≡β e ⁄kT whetherondepending, β
equivalenttwoin(3.1)Eq.rewritewepotential,aorenergyanmultiplies

forms:

N C e βµ +
2
1__ e β (E D µ− ) + 1

N D______________ = N D − N A (3.4),

n 2 + (N A + N C
∗ ) n − (N D − N A) N C

∗ = (3.5),0

where N C
∗ ≡

2
1__ N C e β E D (3.6)
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formtheofis(3.5)Eq.ofSolution

n −=
2

N A + N C
∗

_________ +
2
1__ 

 [N A + N C
∗ ]2 + (4 N D − N A) N C

∗ 


1⁄2
. (3.7)

N A
2 ⁄N D << N C

∗
<< N D n = √(N D − N A) N C

∗ = √21__ N D N C e 2
1__ β E D

(3.8)

N C
∗

<< N A
2 ⁄N D n =

N A

(N D − N A) N C
∗

______________ =
2 N A

N D N C_______ e β E D (3.9)

whentemperatureslowtoonotatoccurs(3.8)rangeThe N A << n << N D (the
presupposesrangethisofexistence N A << N D temperaturesteeperThe).

whentemperatures,loweratoccurs(3.9)dependence n << N A artificialanIn.
ofexample N A = (0 totally does(3.9)rangethesemiconductor)uncompensated

low-theseofbothInexist.not T lieslevelFermitheranges above donorthe
level:

E F =
2
1__ E D +

2
1__ kT (ln N D⁄2N C) > E D N A << n << N D (3.10)

E F = E D + kT [(ln N D − (N A)⁄2N A] > E D n << N A (3.11)

For N A = books)intreatedoftensituation(unphysical0 E F (T → 0) =
2
1__ E D for;

compensationrealisticany E F (T → 0) = E D ofslopeThe. E F (T atpositiveis)
T = if(except0 N A > N D⁄3).

temperatures,higherAt E F belowgoes E D When. E D − E F >> kT (saturation
theinareelectronsexcessavailableallandionizedaredonorsmostregime),

band.conduction
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vibrationsLattice

CRYSTAL  MOMENTUM

E
N

E
R

G
Y

(3)

(3)

LA
TA1
TA2

LO
TO1
TO2

Debye
Einstein

well.prettyphononsAcousticdescribesmodelDebye
phonons.OpticforappropriatemoreismodelEinstein

simultaneously.usedbecanmodelsBoth
evendescribesuccessfulllycanonemodels,theseofhelptheWith anisotropic

e.g.,seefield,phonontheofproperties
Kranendonk,VanJ.andLuryiS. " incorrelationspairanisotropicandconstantsElastic
deuteriumandhydrogensolid ", Phys.J.Can. 57 (1979).136-146pp.,

essentiallyareelectronswithinteractstronglywhichphononsOptic monochromatic.
(1990)LuryiS.andGrinbergA.A.e.g.see,consequences,amazinghavecanThis

" ultrafastupongaselectronanofdistributionenergyquasiperiodicNonstationary
excitationthermal ", Lett.Rev.Phys. 65 (1990).1251-1254pp.,

" theinoscillationsanddensitycurrentofdependenceenergytheinstructureFine
junctionstunnelofcharacteristicscurrent-voltage ", Rev.Phys. 42B 1705-1712pp.,

(1990).
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Transport

λ

dt
d v____ = a − b v

v = a tt << τ
v = a ⁄ tb >> τ

τ timerelaxation(momentum)velocity:

speakingLoosely : τ timeaverageis < t > collisionsbetween

After "collision" (at t = take)0 < v > = 0

v (t ) =
m
e___ t F

< v > =
m
e___ τ F µ≡ F

=µ
m
e τ___ formulaDrude
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EquationDiffusionDrift

J = e ( n µ F + D ∇∇ n )

(Einstein)relatedarecoefficientsdiffusionandMobility

eD µ= kT

☛ thatconsiderationthefrom equilibriumin havemustone J → .0

e F ∇∇= E C

∇∇ n −=
kT
n___ ∇∇ E C

☛ differentiatingbyobtainedisequationlatterthe

n = N C e( E F − E C ) ⁄ kT

relation:EinsteinofversionDegenerate

eD
d E F

(logd n )_________ µ=

n (x) E   (x)C

E    constantF
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Imref

islevelFermiofconceptthe(non-equilibrium)flowcurrentofpresencetheIn
defined.not

usletHowever, define

n = N C e( E F − E C ) ⁄ kT

where

n = n (x )
E C = E C (x )

☛ E F = E F (x )

toreducesthenequationdiffusiondriftThe

J = e ( n µ F + D ∇∇ n ) ≡ ne ∇∇µ E F

n (x)

E   (x)C

E   (x)F

quasi-Fermi level
( imref )
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Example distinguishtoimrefofuse: "pictorially" transportdifferent
mechanisms.

inconductionofmechanism(Schottky)diffusionversus(Bethe)Thermionic
diodes.Schottky

Bethe

Schottky

Schottky diode (forward bias)

Semiconductor

Metal

☛ theeitherthansmallermuchiscurrentnetthewherelittlevariesImref
areregionsThesecomponents.drifttheordiffusion " inapproximately

equilibrium".
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analysisdimensionalbyLawsConduction §

thisTakingvelocity.†aofunitsthehasconductivitythesystemCGStheIn
velocitycarriereffectiveanbetovelocity v expressiongenericawritecanwe,

formtheincurrentdiodethefor

I ∝
4π
ε___ Vv

L 2
A___ (bulk),

I ∝
4π
ε___ Vv

L
W___ . (film)

where L length,theis A = D .W andarea,cross-sectionalthe W ofwidththe
permittivityrelativeThediode.the ≡ε ε ε⁄ 0 itbecauseentersmaterialtheof

equation.Poisson’sinpotentialspace-chargethescales

becancoefficient)numericalato(updependencecurrent-voltageactualThe
equationabovethefrom‘‘derived’’ – processconductionthewhenever

scalinguniqueaprovideswhichmechanism,transportdominantainvolves
betweenrelationship v and V .

asscalesvelocitythemotion,electronfreeforThus, v 2 ∝ ( e ⁄ m ) V oneand
Child’scasebulkthefore.g.transport,ballisticforappropriatelawsobtains

electronics:vacuumoflaw

I ζ=
4π
ε___



 m

e___




1⁄2

V 3⁄2

L 2
A___ where =ζ

9
4 √2____ ]Child[

takesaturated,isvelocityelectronwhencasetheFor v = vS .

mobilityconstantofcasetheFor µ asscalesvelocitythe, v µ∝ V ⁄L which,
expressions:followingthetoleads

I ζ= 3 4π
ε___

L 3
µV 2
_____ A where(bulk), ζ3 =

8
9__ Mott[ − ]Gurney

I ζ= 2 4π
ε___

L 2
µV 2
_____ .W (film)

_______________

§ Luryi,S. " blocksbuildingDevice " in2Chap., DevicesSemiconductorHigh-Speed byed.,
57-136.pp.(1990)InterscienceWileySze,M.S.

factordimensionlessthereplacingbyobtainedisunitsinternationalthetoConnection†
4π
ε___

with ε meter.perfaradsin
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ensembleselectronNonequilibrium .†

high-energyofensemblenon-equilibriumapurportselectrons’’‘‘hottermThe
orlightshiningby(e.g.,energyexternalpumptopossibleoftenisItcarriers.

powertheIfcarriers.ofsystemtheintodirectlyfield)electricanapplying
systemthatbylossenergyofratetheexceedssystemelectronictheintoinput

distributionvelocitytheirandup’’‘‘heatcarriersthethenlattice,theto f (v)
form.Maxwellianequilibriumthefromsignificantlydeviates § thegeneral,In

functiondistributiontime-dependent f (t , r , v solvingbydeterminedbecan)
equation,transportBoltzmannthe

∂t
∂f___ + v .

∂r
∂f___ + a .

∂v
∂f___ =



 ∂t

∂f___


 coll

,

where a aissideright-handtheinintegralcollisiontheandaccelerationtheis
onfunctionallinear f state,steadyaIn. f (r , v ondependexplicitlynotdoes)

position.spatialtheoffunctionabestillmayitbuttime

simplesttheforeventaskcomplicatedaisequationBoltzmannofSolution
wellasthemselvesamongelectronsofscatteringinvolvingmodelsscattering

ofmodelreasonableafromexpectedisItimpurities.andphononswithas
collisionsthatbaththermaltheandsystemelectronicthebetweeninteraction

will restore functiondistributionequilibriumthe f eq (r , v initialanyfrom)
distribution – mathematically.provetodifficultoftenispropertythisalthough

_______________

Luryi,S.fromisdiscussionThis† " devicessemiconductorinelectronsHot " in, ElectronsHot
Semiconductorsin entireThe385-427.pp.1997)Press,University(OxfordBalkan,N.byed,

internet:theonavailableisreferencesandfiguresallincludingchapter,
http://www.ee.sunysb.edu/Homepage: ˜serge/152.dir/152.html

§ alsocanonethatNote cool externalanagainstworkdoitmakingbysystemcarrierthe
lattice.thebyreplenishedpowertocomparedratefastaatfield



----

-11-3Lect

bydestroyedbecannotequilibriumthermodynamicthatknowweSince
ifvanishmustintegralcollisionthebath,thermalabyelectronsofscattering

f eq (r , v forsubstitutedis) f theinexpressedmanifestlyarepropertiesThese.
byintegralcollisiontheapproximateswhichmodel



 ∂t

∂f___


 coll

=
τ (v)

f (t , v) − f eq (v)________________ ,

Thedependence.positionpossibletheomittedhavewebrevityforwhere
constanttimecharacteristic τ (v wholetheandtimerelaxationthecalledis)

theapproximationthisInapproximation.timerelaxationthecalledismodel
thewhenequilibriumtorelaxexponentiallywilldistributionperturbed

removed.isinfluenceperturbing

differentbecausepractice,incrudetooisapproximationtimerelaxationThe
whenThusrates.differentwithrelaxdistributiontheofcharacteristics

momentfirstthethatnaturalisitelastic,predominantlyarecollisions <v> of
f (v momentsecondthewhilerapidlyrelaxes) <v2> relax.totimelongatakes

crystalaverage(orvelocitydriftelectronthecharacterizesmomentfirstThe
constant,timecorrespondingtheandmomentum) τm momentumthecalledis,

timelongerthewhiletime,relaxation τε time.relaxationenergythecalledis
abyensembleelectronthecharacterizetoapproximationgoodaoftenisIt

kinetics.relaxationrelevanttheembodieswhichfunction,distributionmodel
timeondependalsomayfunctiondistributionappropriateanofchoiceThe t

ofscalethe(onvaryrapidlyfieldselectrictheif τε or τm choicetheSimilarly,).
modelaof f (v positiontheondependmay) r hot-Considerdevice.thein

devices.inoccurringcommonlymodels,electron
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Quasi-thermal

temperatureeffectiveAn T e ofensembleelectronicaninestablishedalwaysis
interaction(ee)electron-electronthewhenconcentration,highsufficiently

initialanyfromStartingscattering.impurityandphononbothoverdominates
Sincegas.electronthewithinequilibriumantoleadcollisionseedistribution,
driftthechange,notdoeselectronscollidingofvelocitycenter-of-massthe

velocity <v> Themotion.theofconstantaremainsgaselectrontheof
formtheofthenisfunctiondistribution

f (v) = 
 1 + ([exp m v2⁄2 − m <v> . v − E F )⁄kT e ] 


− 1

(F),

effectivethebycharacterizedisItdistribution.Fermidisplacedthecalled
temperature T e velocitydriftthe, <v> levelFermitheand, E F determined,

ofnumbertheandmomentum,energy,ofconservationthebyrespectively
velocitythewithtravelsthatframereferencetheInparticles. <v> this,

gas,non-degenerateaForfunction.Fermiordinaryanlikelooksdistribution
distribution,Maxwelliandisplacedaofformthetoreducesit

f (v) = e
−

kT e

m v2⁄2 − m <v> . v________________

. (M)

limitnondegeneratetheIn T e >> E F temperatureeffectivethe, T e torelatedis
energyelectronaveragethe <E > formula,well-knowntheby

<E > =
2
3__ kT e +

2
1__ m <v>2 .

limit,oppositetheIn E F >> kT e ondependnotdoesenergyaveragethe, T e
densitycarrierthebyonlydeterminedisand n :

<E > =
5
3__ E F +

2
1__ m <v>2 where, E F = (3π2) 2⁄3

2m
h
_2

____ n 2⁄3 .

ofexpressiontherange,intermediatetheIn <E > parametersoftermsin T e
and E F quadrature.aofformtheinwrittenbecan

thatintegralcollisionthevanishmakewill(F)formtheoffunctionAny
theincluded,isimpuritieswithinteractionIfinteraction.eeonlycontains

providedonlyvanishwillintegralcollision <v> = interactionIncluding.0
ifonlyvanishwillintegralcollisionthephonons,with T e thewithcoincides

temperaturelattice T .
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Overshoot

anbygaselectrontheintopumpedcontinuouslyisenergywhensituationtheIn
scattering,offormsotherignorecannotoneradiation,electromagneticorfieldelectric

thereotherwiseIndeed,interaction.eetocomparedbemaytheyslowhowever
velocity.driftand/orenergyaveragetheofrunawayachecktonothingbewould

so-calledtheusetoisapproachcorrectThe adiabatic thewhichinapproximation
assumedparameterseffectivethewith(F)formtheinassumedisfunctiondistribution

forequationsbalancethebygovernedasinput,externaltheinvariationsthefollowto
momentum,andenergy

dt
d<E >______ = < P > −

τε

<E >_____ ,

dt
d<v>______ = <a> −

τm

<v>____ ,

where < P > and < a> Foracceleration.andinputpoweraveragetherespectively,are,
forceaundermoving(F)ensembleelectronicthe F approximatelyhasone,

<a> = F⁄m and < P > = F . <v> Parameters. τε and τm areequationsthesein
equationBoltzmannthefromself-consistentlydetermined – theintosubstitutingby

(F)formtheinfunctiondistributiontheprocessesslowforintegralcollision – which
interaction.eerapidthebymaintainedassumedis

parametersapproximationadiabatictheinThus, τε and τm equationsbalancetheof
temperatureeffectivetheoffunctionsbecomethemselves T e momentumThe.

time,relaxationenergythethanshortermuchusuallyistimerelaxation τm << τε .
effectiveanwhereasrelaxation,momentumfordominantarecollisionselasticIndeed,

onTherefore,phonons.withinteractionsinelasticseveralrequiresrelaxationenergy
becanenergyelectronaveragetherelaxation,momentumtheofscaletimethe

whileandquasi-staticconsidered τm τ= m (T e) effectivetheequation,balancethein
temperature T e timecharacteristicawithrising‘‘slowly’’time,offunctionaisitself
τε (timesshortatThus,. t < τE thefield,electricstrongaofimpositiontheafter)

substantiallycanvelocitytheandmobilitylow-fieldawithoccursdriftcarrier
quitebecomehasphenomenonovershootThevalue.steady-stateitsovershoot
gateultra-shortwithtransistorsmodernofspeedthedetermininginimportant

0.25aForlengths. µm n acontributeseffecthot-electronthisMOSFETSi-channel
speed.transistortheinenhancement20%

overshootthedescribingforadequatequiteisabovegivenexplanationqualitativeThe
theonratesscatteringphonontheofdependencestrongaistherewhereGe,andSiin

scatteringdominantthecompounds,III-VothersomeandGaAsInenergy.carrier
theinprocess Γ processestheseofratetheandphonons,opticalpolartodueisvalley

suchInenergy.ofindependentnearlybecomesenergieselectronhighsufficientlyat
oftransferthewithassociatedisenergieshighatdegradationmobilitythematerials

seennotisovershoottheConsequentlyvalleys.upperlower-mobilitythetoelectrons
(effectmobilitydifferentialnegativetheforfieldthresholdthebelow F >∼ 3.2 inkV/cm

andGaAs >∼ 11 InP).inkV/cm
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Ballistic.

formotionsubsequenttheirchanges,suddenlyelectronsonactingforcetheIf
account.intocollisionstakingwithoutconsideredbemaytimeshorta 1 The

intervaltime t <∼ τβ thebyonlynotdeterminedispossible,isthiswhen
timerelaxationmomentum τm timecharacteristicthebyalsobut τee of

neitherincludedisratescatteringeethedefinition,Byscattering.interelectron
1ratethein ⁄τm expressiontheinnor =µ (e ⁄m ) τm mobility,steady-statefor

oneffectdirectnohavecollisionseebecause <v> ahavecantheycourse,Of.
throughprocessescollisionotherinfluencingbyindirectly,effectstrongvery

functiondistributiontheofshapethe f (v concentrationscarrierAt).
n >∼ 1017 cm − 3 timecharacteristicthe τβ transport,ballisticfor

τβ

1___ =
τm

1___ +
τee

1___ ,

thanshorterconsiderablybemay τm .

thetoappliesalsomotionballisticofconceptThe steady-state thisIntransport.
distanceshortaregionsconsidersonecase d <∼ λβ abruptanfromaway

lengthcharacteristicThevariation.potential λβ torelatedis τβ by
λβ = <v > τβ distributiontheofshapetheondependquantitiesbothand
function f (v oneensemble,electronantopertainingparametersofInstead).

itsviz.motion,electronofstategivenaforparameterssimilardefinesoften
lifetime τ (v pathfreemeantheand) λ (v thewithcollisionsbylimitedas,)

narrowforcoincidepracticallydefinitionsTheseelectrons.otherandlattice
distributions.

_______________

aofimagetheupconjuresmotion,oftimethistoapplied‘‘ballistic’’termcommonThe1.
propertiesinterestingsinceapt,verynotisimageThisspace.airlessinmovingprojectile
structure,bandtheoncruciallydependoftenregimeballistictheinmotionelectronictheof

analogy.cannonballdefieswhich
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inexperimentallydemonstratedfirstwastransportballisticSteady-state
heterostructures.unipolar

muchvelocitiestoacceleratedbecanelectronsballisticfieldexternalanIn
velocitysaturatedsteady-statethethanhigher v sat bandmaximumtheto[up

dvelocity E ⁄d(h_k inacceleratedGaAsofbandconductiontheinelectronsfor);
a <100> islimitthisdirection ∼∼ 108 isenhancementansuchandcm/sec]

Itdevices.semiconductorofperformancetheforbeneficialandimportant
effectfieldshort-channelintransportballisticrealizetoattractiveappears

bewouldchanneltheinpointanyatvelocitycarrierthethatsotransistors,
inrealizedissituationaSuchenergy.ofconservationthebydetermined
bydescribedisandlimitedchargespaceiscurrentthewherediodes,vacuum

semiconductornoefforts,considerableDespitelaw.Child-Langmuirthe
current-voltagethewhichinto-datedemonstratedbeenhasstructuredevice

practice,Inlaw.similaratoconformconvincinglywouldcharacteristics
carriersheet(wherechannel2Daintransportcollisionlessforconditions

10exceedmuchtypicallyconcentrations 11 cm − 2 realizetodifficultveryare)
inresulttypically(whichcollisionseeofbecause λβ < 1000 A theseat

concentrations).

channeltheincasetheusuallyisashigh,veryiscollisionseeofratetheWhen
itsintransistorfield-effectaof on ratherbehavesensembleelectronthestate,

ofabsencetheIngas.athanfluidalike other andphonons(withcollisions
bydescribedischannelFETtheinfluidelectronictheimpurities),

and(Dyakonovwatershallowforthosetosimilarequationshydrodynamic
newseveraldiscussedShurandDyakonovanalogy,thisonBased1993).Shur,

aparticular,Influid.electron2Dtheinoscillationsplasmatorelatedeffects
antoresponseresonantahastransistorhigh-moblityshort-channel

electrons2Dtheoffrequencywaveplasmatheatradiationelectromagnetic
detectors,implementtousedbecaneffectThis1996).Shur,and(Dyakonov

thebyoutpointedAsfrequencies.terahertzatmultipliersandmixers
thanfrequencieshighermuchatoperateshoulddevicestheseauthors,

propagatewavesplasmathesincedevices,limitedtransit-timeconventional,
conversionandresponsivitiestheirMoreover,electrons.thanfastermuch

diodesSchottkyofthoseexceedgreatlytoexpectedbecanefficiencies
range.terahertztheinmultipliersandmixersdetectors,asusedcurrently
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Mesoscopic.

therare,arecollisionseeandlowsufficientlyisconcentrationcarriertheWhen
departmayperturbationexternalunderfunctiondistributiontheirofshape

(M)shapeMaxwellianThe(F).formquasi-equilibriumthefromconsiderably
viewedbecanvelocities)in(Gaussian – centralwell-knowntheofspiritthein

statisticsoftheoremlimit – independentofnumberlargefromresultingas
ofamountrandomawithdrawingorcontributingeachevents,scattering
becanfunctiondistributionelectronthecollisions,eeBesidesenergy.†

scatteringindependentprovidedwell,asinteractionsotherbymaxwellized
acousticbyScatteringelectrons.withenergiesrandomexchangeevents

theIfnot.doesscatteringphononopticalwhileproperty,thishasphonons
electrontheofshapeequilibriumtheinteraction,inelasticonlythewerelatter

propertiesthermodynamicandstrangeratherbewouldfunctiondistribution
withinteractionofpeculiarityThedifferent.ratherensembleelectrontheof

whichnature,monochromaticlargelytheirfromstemsphononsoptic
ofunitsinexchangeenergythequantizes HO .

todueraterelaxationenergyelectronthetemperatures,highsufficientlyAt
(1/phononsoptical τ(op) (1/phononsacoustictoduethatthanhigheris) τ(ac))

semiconductorsinTypically,magnitude.ofordersseveralby τ(op) <∼ 10 − 12 s
and τ(ac) >∼ 10 − 9 relaxationinelastictheofdisparityThis1967).(Conwell,s

equilibriuministhatensembleelectronicanofformationthetoleadcantimes
withinteractedappreciablyyetnothasbutsystemoptical-phononthewith

cantransportelectronicinpropertiestheseofManifestationphonons.acoustic
a(drawingeffects’’mesoscopic‘‘classicaltheastoreferredconvenientlybe

occurthateffectsmesoscopicquantumthefromdistinctionaandtoparallel
exceedsfunctionwaveelectronicanoftimeorlengthcoherencethewhen

theconsidered(1990)LuryiandGrinbergdimensions.systemcharacteristic
Maxwellianabycharacterizedinitiallyensembleelectronanofkinetics

withdistribution T e = T i equilibriumatlatticethewithinteractiontosubject,

temperature T BoltzmannequilibriumthenotisdistributioninitialtheSince.
opticalwithinteractionselectrontheofbecausetimeinevolvesitfunction,

theUnderscattering.e-ethetodueandphonons,acousticphonons,

_______________

presensetheIntheorem.limitcentralthecontradictnotdoes(F)distributionofformThe†
principle,exclusionPaulithebymaintainedelectrons,betweencorrelationquantumtheof

distribution.MaxwellthanratherFermiatoleadcollisionsmultiple
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thatassumption τ(op)⁄τ(ac) << and1 τ(op)⁄τee << aestablishrapidlyelectrons,1
andstate)mesoscopic(thefieldphononopticalthewithequilibriumquasi

then – scalelongeraon – inelasticotherbyestablishedisequilibriumtruethe
thechangenotdoesscatteringe-ethethoughEvenprocesses.scattering

changesitbecauseinteraction,inelasticanascountsitenergy,electronaverage
distribution.non-stationarytheofshapethe

thefromdeterminedbecanstatemesoscopictheoffunctiondistributionThe
equation.kineticthesolvingactuallywithoutalone,considerationstatistical
(narrowtheforboth10Fig.inillustratedisfunctionthisofshapeThe T i < T )

(broadand T i > T inissystemelectronthethoughEvendistributions.initial)

temperatureatphononsopticalwithequilibriumperfect T thermodynamic,
inthosefromdifferentveryarestatemesoscopictheinelectronsofproperties

energyaveragethee.g.,equilibrium,true <E > ≠ (3⁄2) kT heatspecifictheand
3valueclassicalthefromdeviates k ⁄ theAlso1990).Luryi,and(Grinberg2

timeTheovershoot.strongashowsstatemesoscopictheinmobilityelectron
overshoot;velocityconventionalthefromdifferentveryiseffectthisofscale

longaforpersistsandps1thanlessinestablishedisstatemesoscopicthe
nanoseconds!)to(uptime – interelectronandphononacousticbycontrolled

scattering.
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(a)

(b)

(c)

emitter

base collector

ΦC
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